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Orientation masking induces changes of discrimination thresholds and perceived orientation. Studies on alignment discrimination of
Vernier stimuli concentrated on masking induced changes of discrimination thresholds, without considering possible changes of per-
ceived orientation and/or alignment of the two-line segments. Measuring both parameters in an orientation discrimination task, we con-
ﬁrmed a standard repulsion eﬀect between a single line target and a mask grating that co-varied with elevated orientation discrimination
thresholds. Masking a Vernier stimulus in an alignment discrimination task, we observed a strong misperception of alignment that was
accompanied with elevated alignment discrimination thresholds. Orientation masking on perceived orientation and alignment of a Ver-
nier stimulus revealed orientation repulsion and attraction that depended on the spatio-orientation conﬁguration of the superimposed
stimuli. Control of task-dependent eﬀects conﬁrmed that our observed pattern of results was independent of attentional or cognitive
demands.
 2007 Elsevier Ltd. All rights reserved.
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In human psychophysics, measurements of psychomet-
ric functions are regularly employed to gain insight into
the precise neural mechanisms underlying the transforma-
tion of objective stimuli of the visual world into subjective
perception. Usually, either one of two important parame-
ters is extracted from these functions: discrimination
threshold, corresponding to the subject’s minimal discrim-
ination ability, and the perceived value of a particular stim-
ulus dimension. Generally, discrimination thresholds are
employed more often in psychophysical research, especially
in the context of investigations of early visual information
processing (Green & Swets, 1966; Paradiso, 1988). Mea-
surements of perceived stimulus dimensions are considered
when misperception of the stimulus is expected, allowing
association of the perceptual illusion to the hypothetical
underlying neural mechanisms that produce it (Spillmann0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2007.03.003
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E-mail address: tzvetomir.tzvetanov@gmail.com (T. Tzvetanov).& Dresp, 1995; Spillmann & Ehrenstein, 1996; Wenderoth,
1992; Wenderoth & Johnstone, 1987). However, parallel
measurements of discrimination threshold and perceived
stimulus dimension might be an important research strat-
egy. This study demonstrates that the use of both measures
allows a better understanding of human processing of ori-
entation and alignment of Vernier line segments.
In the orientation domain, Westheimer, Shimamura,
and McKee (1976) demonstrated that the orientation dis-
crimination threshold of a target line segment becomes
increased when the line is presented in superposition to a
second line segment tilted about 10–20 from the target.
Paradiso (1988) argued that this eﬀect can be successfully
explained through inhibitory interactions within a neuronal
population of a V1 hypercolumn model. Similarly, by mea-
suring the perceived orientation of a target line segment,
human observers perceived the angular diﬀerence between
the target and a simultaneously presented line or mask
grating larger than is physically present (orientation repul-
sion or tilt illusion; Blakemore, Carpenter, & Georgeson,
1970; Mitchell & Muir, 1976; O’Toole & Wenderoth,
1977; Wenderoth & Curthoys, 1974; Wenderoth & John-
Global two-line repulsion
Individual line repulsion
Orientation of mask grating
Fig. 1. Illustration of expected orientation-repulsive eﬀects on two-line
perception due to the presence of an oblique mask grating. (a) Orientation
of the mask grating. (b) Orientation repulsion is acting independently on
each line segment, leading to a rotation around the individual line centers
and inﬂuencing the perceived oﬀset size. As a consequence, the vertically
presented lines (thick solid lines) become tilted (dashed thin line) in
opposite direction to the orientation of the grating mask. (c) Orientation
repulsion acts on the whole two-line stimulus, leading to a rotation of the
global stimulus without inﬂuencing the perceived oﬀset size.
1694 T. Tzvetanov et al. / Vision Research 47 (2007) 1693–1704stone, 1988; Westheimer, 1989, 1990). This repulsion eﬀect
was reported to be maximal for angular diﬀerences of
about 20, and to be tightly tuned for spatial position
(Westheimer, 1989, 1990). Most authors agree that repul-
sion can be explained by inhibitory interactions between
orientation-tuned neurons in V1, which was successfully
modelled with such assumptions (Bednar & Miikkulainen,
2000; Jin, Dragoi, Sur, & Seung, 2005).
In the spatial domain, most studies on alignment per-
ception refer exclusively to discrimination thresholds with-
out reporting the perceived alignment. For example,
studies on Vernier acuity, i.e. the ability to discriminate
small spatial oﬀsets between two abutting line segments,
generally refer to alignment discrimination thresholds,
because they are considerably smaller than the diameter
of a foveal photoreceptor (Westheimer, 1981). To study
the underlying mechanisms of this hyperacuity, Findlay
(1973) employed a masking paradigm and superimposed
two abutting line segments with an oriented mask. He
showed that subjects’ alignment discrimination thresholds
increased for orientation diﬀerences of about 20 between
the inducing mask and the two-line segments. This inﬂu-
ence of masking was subsequently conﬁrmed by several
studies (Folta, 2003; Herzog & Fahle, 1997; Mussap &
Levi, 1996; Saarinen & Levi, 1995; Waugh, Levi, & Car-
ney, 1993; Westheimer, 1981; Westheimer & Hauske,
1975). As demonstrated by neurophysiological studies
(Swindale & Cynader, 1986, 1989), neurons in V1 diﬀeren-
tially respond to changes of spatial oﬀsets between abut-
ting line segments that comprise the Vernier stimulus.
Therefore, alignment discrimination becomes already
shaped by spatio-orientation interactions between neurons
within the primary visual cortex.
However, not a single study measured the perceived
alignment of a Vernier stimulus while masked with oriented
gratings. As pointed out for the orientation domain, dis-
crimination thresholds and perceived stimulus orientation
co-vary giving important cues toward the neural structure
underlying perception. Therefore, we investigated if orien-
tation masking of a Vernier stimulus simultaneously
changes the discrimination thresholds and the perceived
alignment. From repulsion eﬀects in the orientation
domain, it was inferred that certain Vernier-mask conﬁgu-
rations may evoke orientation repulsion. As a consequence,
the inducing mask grating was expected to change the per-
ceived orientation or alignment of the two superimposed
line segments. Two changes are conceivable. The ﬁrst
assumes that the two-line segments become inﬂuenced
independently of each other and are rotated around indi-
vidual rotation centers (not necessarily the line centers).
This automatically creates a misperception of orientation,
but also of the oﬀset size between the two-line segments.
Dependent on the spatial conﬁguration and orientation
of the Vernier stimulus and the inducing mask, an increase
or decrease of perceived oﬀsets is expected (see Fig. 1b).
The second change assumes that the whole Vernier stimu-
lus becomes repulsed and rotated around its global center,producing a misperception of orientation but no misper-
ception of alignment (Fig. 1c).
We performed two experiments in order to understand
the exact nature of orientation and alignment perception
of a Vernier stimulus. In Experiment 1, psychometric func-
tions were measured in a masking paradigm known to pro-
duce both the standard tilt illusion (single line target,
orientation discrimination) and increases of alignment dis-
crimination thresholds in a Vernier paradigm (two abutting
line segments, alignment discrimination). This allowed
plotting not only discrimination thresholds as a function
of mask orientation, but also a complete and detailed per-
ceptual curve, corresponding to (mis)perceptions as a func-
tion of mask orientation. As already reported in studies of
the tilt illusion, our results revealed a standard repulsion
eﬀect between a single line and an inducing mask grating.
The orientation misperception co-varied with the elevation
of subjects’ orientation discrimination thresholds. The
alignment of two abutting line segments was misperceived
for orientation diﬀerences of about 10 between the Vernier
and mask stimuli. We also observed a co-variation of
thresholds and perceived alignment, with larger elevations
of alignment thresholds corresponding to stronger misper-
ceptions of alignment. These alignment misperceptions
were interpreted with orientation attraction, not repulsion.
Experiment 2 was conducted to carefully investigate the
exact perception of orientation and alignment of two abut-
ting line segments when presented in superposition to a
mask. The results showed a complex pattern of interac-
tions, with orientation repulsion and orientation attractive
eﬀects for deﬁned stimulus-mask conﬁgurations. We con-
T. Tzvetanov et al. / Vision Research 47 (2007) 1693–1704 1695trolled for task-dependent attentional eﬀects as well, but
the same pattern of results was produced suggesting an
early cortical origin of our ﬁndings.
2. Experiment 1: Perceived orientation and alignment of line
targets
In Experiment 1, perceived orientation of a single line
(tilt task, Fig. 2a) and perceived alignment of two-line seg-
ments of a Vernier stimulus (alignment task, Fig. 2d) were
measured as a function of the orientation of superimposed
mask gratings. For each mask orientation we obtained the
discrimination threshold and the point of subjective equal-
ity. This provides a detailed analysis on the exact nature of
a co-variation of discrimination thresholds and perceived
orientation or alignment.
2.1. Methods
2.1.1. Observers
Nine subjects (including two of the authors) served as
observers. They had normal or corrected to normal vision
(16–31 years old). With exception of the authors, the sub-
jects were naive with regard to the purpose of the experi-
ment and gave written consent for participating in the
study.
2.1.2. Apparatus and stimuli
Visual stimuli were generated as greyscale images (Mat-
lab, The Mathworks Inc.), stored in memory, and were
controlled by a custom-made laboratory software running
on an Apple Power Mac G4. They were displayed on a
LaCie electron22blue IV 2000 VGA monitor with a frame
rate of 75 Hz. The resolution was set to 280 pixels per  L
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Fig. 2. Stimuli and results of Experiment 1. (a–c) Tilt task. (a) A single line se
results represent the physical orientation of a line that was perceived as being ve
f) Vernier task. (d) Two vertically presented line segments with horizontal oﬀse
represent the physical displacement of the bottom line segment that was perc
orientation. The solid black line represents the prediction of repulsion acting
depict standard error (n = 9).degree of visual arc. The mean luminance of the screen
was 17.3 cd/m2. The experiment was conducted in a dimly
illuminated room such that the ambient illumination
matched the illumination on the screen to a fair degree of
approximation. All stimuli were viewed binocularly from
a distance of 4 m and with a free head.
Grating masks consisted of oblique bright striped
square-wave gratings, which were presented in a circular
window with a diameter of 65 0 (arc min). Only the positive
luminances of the square-wave were visible (the negative
half-waves were set to background luminance, see exam-
ples in Fig. 2a and d). The spatial frequency of the gratings
was set to 8 cpd, and the contrast was ﬁxed at 7 cd/m2.
Mask phase was held constant throughout all experimental
sessions with the bright phase being always in the center of
the mask grating. Superimposition of mask grating and tar-
get was accomplished by temporarily interleaving the mask
and the target frame by frame (i.e. every 13 ms). The orien-
tation of the grating mask was set to one of 61 values,
namely 30 orientations clockwise (deﬁned positive) and
30 counter-clockwise (deﬁned negative) from the vertical
meridian (deﬁned as 0), plus the vertical orientation. The
angular separation between two successive mask orienta-
tions was 3.
Each single line stimulus consisted of a black line of 60 0
length presented with a ﬁxed width of 0.21 0. This line was
antialised with a Gaussian window of about 0.12 0 standard
deviation, which broadened the line to a width of approx-
imately 0.42 0. It was tilted in orientations up to 20 clock-
wise or counter-clockwise from the vertical meridian, at
equally spaced steps of 1, including a vertical condition.
Vernier stimuli consisted of two abutting vertical black
line segments, each 0.42 min of visual arc (arc min) in
width and 30 0 in length, with a luminance below 0.2 cd/60 90
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gment superimposed to a grating mask. (b) Point of subjective verticality:
rtical, as a function of mask orientation. (c) Discrimination thresholds. (d–
t superimposed to a grating mask. (e) Point of subjective alignment: results
eived as being aligned with the top line segment, as a function of mask
on individual lines (cf. Fig. 1b). (f) Discrimination thresholds. Error bars
1696 T. Tzvetanov et al. / Vision Research 47 (2007) 1693–1704m2. The bottom line segment was displayed at diﬀerent
horizontal oﬀsets, representing 20 equally spaced oﬀsets
to the left (deﬁned negative) and 20 oﬀsets to the right of
alignment, including a no-oﬀset condition (deﬁned as 0).
The spacing between two adjacent oﬀsets was set to 0.21 0,
which corresponds to one pixel of the screen.
2.1.3. Procedure
Each subject participated in both the tilt and Vernier
task in successive sessions. Subjects were instructed to ﬁx-
ate a small black square of 2.2 0 of size, which was displayed
at the center of the screen. They started each trial by press-
ing a button, and 200 ms after the oﬀset of the ﬁxation
square mask and target stimuli were presented interleaved
for 20 frames. Subjects had to report if the orientation of
the centrally presented single line was tilted clockwise or
counter-clockwise from vertical, and for the Vernier lines
if the bottom line segment was oﬀset to the left or right
from alignment with respect to the upper line segment.
They answered by pressing one of two keys on the key-
board. No feedback was provided about the correctness
of their responses.
Psychometric curves for judgments of orientation or
alignment were measured at diﬀerent mask orientations
using a weighted up–down adaptive staircase procedure
(Kaernbach, 1991). Each staircase was assigned with 30 tri-
als. The theoretical convergence points were set at 75% and
25%, corresponding to step sizes of 3/1 and 1/3, respec-
tively. For the tilt task, the staircase starts at ±10 from
vertical and is assigned to the opposite side of the conver-
gence point when compared to the midpoint of the psycho-
metric function. For the Vernier task, the staircase starts at
±2.14 0 (corresponding to an oﬀset of 10 pixels), always at
the opposite side of the convergence point. A total of 61
mask orientations were presented to each subject. These
mask orientations were split in six blocks, with equally
spaced mask orientations within each block (i.e. every
18). Within one experimental block, all staircases were
pseudo randomly presented to each subject on a trial-by-
trial basis (Bonnet, 1986). The two convergence points were
equally distributed across diﬀerent staircases. This global
design allowed avoiding possible learning or adaptation
eﬀects to a given mask orientation, and also ensures a sym-
metric number of ‘‘left’’ and ‘‘right’’ responses. All stimu-
lus conﬁgurations were randomized with a tilt task
always followed by a Vernier task.
2.1.4. Data analysis
For both tasks, all staircase runs (corresponding to dif-
ferent mask orientations) were extracted. Psychometric
response curves were obtained by counting the ‘‘clockwise
tilts from vertical’’ (tilt task) or ‘‘right oﬀsets from align-
ment’’ (Vernier task) at a given target level. Employing
the maximum likelihood method with the simplex algo-
rithm (Press, Teukolsky, Vetterling, & Flannery, 1997),
each response curve was ﬁtted with a logistic model of
the form:pðxÞ ¼ 1
1þ expðbðx aÞÞ ð1Þ
where x deﬁnes the target stimulus level, p(x) denotes the
hit rate at that level, a corresponds to the midpoint of
the function, and b is related to the slope of the function
at midpoint. Thus, a reﬂects the subject’s point of subjec-
tive equality (PSE). In the tilt task the PSE reﬂects the
physical orientation of the line segment where subjects per-
ceive it as vertically oriented. In the Vernier task it reﬂects
the physical displacement of the bottom line segment that
was needed to perceive the two abutting line segments as
aligned. The slope parameter b allows computing the sub-
jects discrimination threshold (r(discr) = log(21/4)/b). It
represents the amount of stimulus level deviation from
the midpoint value that enables the subject to discriminate
the tilt or Vernier oﬀset in 84% of the cases. The points of
subjective equality and discrimination thresholds for orien-
tation and alignment were extracted and plotted as a func-
tion of mask orientation (Fig. 2).2.2. Results
2.2.1. Perception and discrimination of line orientation
In the tilt task, subjects had to indicate whether a single
line was perceived as tilted counter-clockwise or clockwise
from the vertical reference. The results are depicted in
Fig. 2b representing the physical orientation of the target
line that was perceived vertical. In agreement with previous
studies of the tilt illusion, we observed a repulsion eﬀect
with peaks at mask orientations of 20–30 from vertical.
The repulsion eﬀect is visualized in the fact that subjects
report a counter-clockwise orientation (negative value) as
vertically oriented when it is presented with a counter-
clockwise oriented mask grating, and vice versa for a clock-
wise orientation of the grating. A repeated measurement
ANOVA with the factor mask-orientation (six intervals
with averaged data within intervals of [90,60],
[60,30], [30, 0], [0, 30], [30, 60], and [60, 90]),
conﬁrmed a signiﬁcant main eﬀect across subjects
(F(5,40) = 52.1; p < .0001). Post hoc Tukey HSD-tests
revealed signiﬁcant diﬀerences between the three intervals
of [60,30], [30, 0], and [0, 30] (p < .01). No signif-
icant diﬀerences were present between the intervals
[90,60], [30, 60], and [60, 90] (p > .05). A boot-
strapping for computing the exact peak position of the mis-
perception eﬀect revealed a mean peak value of the
repulsion eﬀect at a mask orientation of 21.8 ± 3.2
(S.E.) (run of 5000 simulations for each set of 61 mask
orientations).
In addition to the perceived orientation, discrimination
thresholds were analyzed (Fig. 2c). The threshold indicates
the diﬀerence in orientation that is necessary to reliably dis-
criminate counter-clockwise or clockwise tilts from the per-
ceived vertical reference, at a given mask orientation. The
increased thresholds in the range of mask orientations near
the vertical (between 30 and +30) indicate decreasing
T. Tzvetanov et al. / Vision Research 47 (2007) 1693–1704 1697discrimination ability at these mask orientations. These
observations were conﬁrmed with a repeated measurement
ANOVA using the factor mask orientation (six intervals of
mask orientation), revealing a signiﬁcant main eﬀect
(F(5,40) = 21.3; p < .0001). Post hoc Tukey HSD-tests
showed no signiﬁcant diﬀerences between the four intervals
of [90,60], [60,30], [30, 60], and [60, 90]
(p > .05). The intervals [30, 0] and [0, 30] were not sta-
tistically diﬀerent (p > .05). All remaining comparisons
provided highly signiﬁcant diﬀerences (p < .01), indicating
a statistically signiﬁcant increase of thresholds for mask
orientations between 30 and +30 (Fig. 2c).
Finally, we observed a strong co-variation between
increased thresholds and misperceptions of line orienta-
tion. It was conﬁrmed by a highly signiﬁcant correlation
between the absolute value of perceived orientation and
the threshold (r = .59; p < .0001; n = 61).
2.2.2. Perception and discrimination of alignment
In the alignment task, subjects answered whether the
bottom line segment of a Vernier stimulus was perceived
as oﬀset to the left or right of alignment with respect to
the top line segment. The results of perceived alignment
showed peaks at mask orientations of about 10 from ver-
tical (Fig. 2e). For a counter-clockwise mask orientation of
about 10 subjects perceived the bottom line segment as
aligned with the top line segment when it was positioned
about +1 0 to the right of its physical alignment (vice versa
for a clockwise orientation of the mask grating). This mis-
perception of alignment was conﬁrmed by a repeated mea-
surement ANOVA revealing a signiﬁcant main eﬀect of
mask orientation (six intervals of mask orientation,
F(5,40) = 40.5; p < .0001). Post hoc Tukey HSD-tests
revealed no signiﬁcant diﬀerences between the intervals
[90,60] and [60,30] (p > .05) as well as between
the last two intervals of [30, 60] and [60, 90] (p > .05).
The ﬁrst two intervals were signiﬁcantly diﬀerent from
the last two intervals (p < .05), which indicates a slight
asymmetric misperception of alignment for mask orienta-
tions in the range of ±30 to 90. The comparisons between
all intervals and intervals of mask orientations of [30, 0]
and [0, 30] also revealed signiﬁcant diﬀerences (p < .05).
Bootstrapping computations calculating the exact peak
position of the alignment misperception eﬀect revealed a
mean peak value for the alignment eﬀect at a mask orien-
tation of 9.8 ± 2.7 (S.E.; run of 5000 simulations for each
set of 61 mask orientations).
In addition to perceived alignment, we also calculated
discrimination thresholds for the alignment task (Fig. 2f).
It indicates the oﬀset from perceived alignment that was
correctly reported in 84% of the trials. The results in
Fig. 2f showed increased discrimination thresholds for
mask orientations between 30 and +30, indicating that
subjects’ ability to discriminate spatial oﬀsets was dimin-
ished at these mask orientations. This pattern of results
was conﬁrmed by a repeated measurement ANOVA show-
ing a signiﬁcant main eﬀect for mask orientation (six inter-vals of mask orientation, F(5,40) = 15.1; p < .0001). Post
hoc Tukey HSD-tests revealed no signiﬁcant diﬀerences
between the intervals of [90,60], [60,30],
[30, 60], and [60, 90] (p > .05). The intervals of
[30, 0] and [0, 30] were not signiﬁcantly diﬀerent from
each other (p > .05), but were signiﬁcantly diﬀerent from
the previous four intervals. This indicates a statistically sig-
niﬁcant increase of alignment thresholds in the range of
[30, 30] of mask orientations (Fig. 2f), as it was
observed for the thresholds in the tilt task (Fig. 2c).
As for the orientation task, we observed a strong co-var-
iation of discrimination thresholds and perceived align-
ment (r = .49; p < .0001; n = 61).
2.3. Discussion
Making use of a masking paradigm, we asked subjects
to discriminate the orientation of a single line from the ver-
tical reference and to discriminate the spatial oﬀset in a
Vernier stimulus. The results of orientation discrimination
conﬁrmed the prominent orientation repulsion eﬀect for a
single line. This eﬀect was accompanied with increased dis-
crimination thresholds exactly in the range of mask orien-
tations producing the strongest repulsion eﬀect. Our results
of alignment discrimination showed strong misperceptions
of alignment of two-line segments composing a Vernier
stimulus. These misperceptions were also accompanied
with increased discrimination thresholds of alignment.
Our threshold results showed a global decrease of sub-
ject’s sensitivity for mask orientations between 30 and
30 (Fig. 2c and f). This result could be interpreted as rep-
resenting a single peak function with a peak close to zero
degree. However, previous studies regularly found bimodal
threshold versus mask orientation functions, with worse
discrimination sensitivity at oﬀset mask orientations from
the target stimuli (e.g. Findlay, 1973; Folta, 2003; Waugh
et al., 1993; Westheimer et al., 1976). At least two issues
might explain this diﬀerence. Previous studies performed
multiple measurements at each mask orientation to esti-
mate the subject’s threshold versus mask orientation func-
tion. Additionally, some studies employed pre-testing for
selecting ideal observers or included an intensive training
period, improving the signal-to-noise ratio and leading to
threshold stabilization. In our paradigm, for each
untrained subject only a single measure per mask orienta-
tion was performed and individual threshold values were
not corrected for visibility of line segments (eventhough
subjects report to perceive the stimuli). Since previous stud-
ies revealed increased thresholds with lower contrast of the
target stimulus (e.g. Waugh et al., 1993; Wehrhahn &
Westheimer, 1990), we cannot exclude that these eﬀects
produce deviations from the regularly observed bimodal
function.
The direction of the alignment misperception contra-
dicts the hypothesis that a no-eﬀect or a repulsion eﬀect
on the individual line segments interferes in the Vernier
task (Fig. 1, see Section 1). Without interference the align-
1698 T. Tzvetanov et al. / Vision Research 47 (2007) 1693–1704ment point of the two-line segments was expected to be at
the value of physical alignment (0 0 for all mask orienta-
tions, see Fig. 2e). Assuming that an oblique mask grating
induces a repulsion inﬂuencing each line segment indepen-
dently, the perceived alignment is expected to shift toward
negative values for counter-clockwise mask orientations
and vice versa for clockwise mask orientations (Fig. 2e,
solid black line). Since our results showed a shift in the
opposite direction, they are interpretable through an orien-
tation-attractive eﬀect induced by the mask grating, inﬂu-
encing each line segment of the Vernier stimulus
individually.3. Experiment 2: Orientation-attractive eﬀects in masking of
Vernier stimuli?
Experiment 1 demonstrated a misperception of align-
ment for abutting line segments that are compatible with
an orientation attractive eﬀect. However, subjects’ wereLL RL
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Fig. 3. Stimuli and results of Experiment 2. (a) The four Vernier-mask conﬁgur
15 and Vernier oﬀset of 1.4 0; RL, mask of +15 and Vernier oﬀset of 1.
Vernier oﬀset of +1.4 0. In the experiment, each line segment was tilted around i
for a leftward oﬀset of the bottom line center. Both line segments were kept in p
which were not present in the experiment). (c) Measured orientation of the two
black lines represent the orientation of the lines for which they are physically al
reported to perceive them as vertical. (e) Discrimination thresholds for the alig
are depicted as a function of Vernier-mask conﬁguration and type of task (doinstructed to report the perceived oﬀset from alignment
between two-line segments and not the perceived orienta-
tion of these lines.
To provide a more detailed analysis of the perceived ori-
entation and alignment of masked Vernier lines, a control
experiment was conducted that manipulated simulta-
neously the orientation and alignment of the Vernier lines.
The relevant stimulus conﬁgurations were used, which
showed strong orientation repulsion of a single masked line
segment and a strong alignment misperception of two abut-
ting line segments in Experiment 1. Grating masks with
two ﬁxed orientations were presented together with Vernier
stimuli, which line centers displayed a ﬁxed horizontal spa-
tial oﬀset (see Fig. 3a for the four stimulus-mask conﬁgura-
tions). For a given oﬀset of the line centers the two lines
were physically rotated around their respective centers by
keeping them parallel (Fig. 3b, example of one Vernier oﬀ-
set condition). Three groups of subjects were instructed to
discriminate respectively (group 1) the oﬀset of the bottomRRLR
LL RL
LR RR
Orientation task
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d
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+7 degrees
ations used in the experiment. Abbreviations: L, left; R, right; LL, mask of
4 0; LR, mask of 15 and Vernier oﬀset of +1.4 0; RR, mask of +15 and
ts individual center. (b) Illustration of variations of Vernier line orientation
arallel and were rotated around their respective centers (indicated by dots,
-line segments for which the subjects perceived them as aligned. The thick
igned. (d) Measured orientation of the line-segments for which the subjects
nment task. (f) Discrimination thresholds for the orientation task. Values
uble vs. single task). Error bars depict standard errors (n = 7).
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consideration of lines’ global or individual orientation,
(group 2) the orientation of the individual lines from the
vertical reference without consideration of the alignment
layout, or (group 3) both alignment and individual orienta-
tion of the lines simultaneously. This design aimed to
obtain a clear result of the exact perception of a masked
Vernier stimulus and allows investigating attentional or
cognitive interferences on the perceptual outcome.
Fig. 3a depicts the four stimulus-mask conﬁgurations
used in this experiment. They were given two-letter labels,
for example RL. The ﬁrst letter corresponds to the counter-
clockwise or clockwise rotation of the mask from vertical
(L for 15; R for +15). For the example RL it is a 15
clockwise mask orientation. The second letter corresponds
to the direction of the horizontal spatial oﬀset of the center
of the bottom line segment from vertical alignment with
respect to the center of the top line center (L for 1.4 0;
R for +1.4 0). In the example RL it is a leftward shift of
the bottom line center of 1.4 0. For a given horizontal oﬀ-
set of the line centers, we kept the line segments parallel
and rotated each line around its individual center (e.g.
Fig. 3b). This enabled measuring the orientation of the
lines for which subjects reported to perceive the two-line
segments either as aligned or having a vertical orientation.
Given that we ﬁxed the horizontal spatial oﬀset between
individual line centers at ±1.4 0, the orientation of the lines
for which they were physically aligned was about ±2.8,
depending on the direction of the oﬀset (2.8 for an oﬀset
to the right; +2.8 for an oﬀset to the left). If the mask does
not create an alignment misperception, the alignment point
should be perceived when the lines are tilted with the cor-
responding angle. In the case the mask induces orientation
misperception, an orientation attraction eﬀect was expected
in conditions RL and LR associated to alignment misper-
ception (from Experiment 1), and conditions RR and LL
were not expected to show orientation attraction.
3.1. Methods
3.1.1. Observers
Twenty-one new subjects participated in this experiment
and were divided in three groups (21–38 years old). They
had normal or corrected to normal vision, were naive with
regard to the purpose of the experiment, and gave written
consent for participating in the study.
3.1.2. Stimuli
The general details of apparatus, grating masks and Ver-
nier stimuli are described in Experiment 1. Experiment 2
diﬀered by only showing two mask orientations, with tilts
of 15 clockwise and counter-clockwise from vertical. The
Vernier stimulus included only two horizontal oﬀsets of
seven pixels to the left or right from vertical, which were
computed with respect to the centers of the line segments.
Additionally, the orientation of the two Vernier lines was
manipulated by arranging them in parallel and rotatingthem around their individual centers. Therefore rotations
of 7, 3, 0, 3, or 7 from the vertical meridian were
used (see Fig. 3b for an illustration of this experimental
variation).
3.1.3. Procedure and data analysis
After ﬁxation of a small black square of 2.2 0 of size, sub-
jects started each trial by pressing the space bar on a stan-
dard numerical keyboard. After the oﬀset of the ﬁxation
square (after 200 ms), mask and target stimuli were pre-
sented interleaved for 20 frames. Psychometric functions
were obtained by using the method of constant stimuli.
The presentation of Vernier-mask conﬁgurations corre-
sponded to 20 experimental conditions (2 mask orienta-
tions · 5 Vernier line orientations · 2 vertical oﬀsets of
line centers). They were pseudo-randomly presented to
each subject on a trial-by-trial basis in three experimental
blocks of 200 trials.
In single task sessions, a ﬁrst group of seven subjects had
to judge only the alignment of the Vernier line segments,
and a second group of seven subjects only the orientation
of the two-line segments. In double task sessions, a third
group of subjects had to simultaneously judge the align-
ment of the bottom line segment of the Vernier stimulus
with respect to the top line segment together with the indi-
vidual orientation of the two-line segments from the verti-
cal reference. Subjects had to indicate an oﬀset as a ﬁrst
response. No feedback was provided.
The proportions of ‘‘rightward shifts from alignment’’
or ‘‘clockwise tilts from vertical orientation’’ were
extracted for individual data, and psychometric functions
for orientation judgments and alignment judgments were
obtained. They were ﬁtted according to Eq. (1), and the
point of subjective equality and discrimination threshold
were extracted. These parameters were used for the statisti-
cal analysis with repeated measure ANOVAs and post hoc
tests.
3.2. Results
The results of perceived alignment and orientation
(Fig. 3c and d), and the corresponding discrimination
thresholds for alignment and orientation (Fig. 3e and f)
are presented separately for each of the four Vernier-mask
conﬁgurations. Additionally, the results of subjects per-
forming single and double task sessions are illustrated
separately.
3.2.1. Perceived alignment of masked Vernier Stimuli
Fig. 3c presents the physical orientation of the Vernier
lines necessary to perceive them as aligned. The thick hor-
izontal black lines represent the true orientation of the lines
for each center oﬀset (1.4 or +1.4 0) for which they were
physically aligned. In condition LL (mask 15; center oﬀ-
set of 1.4 0) subjects needed the physical tilt for perceiving
the two-line segments as aligned. The same holds true for
condition RR where perceived alignment was demon-
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ever, conditions RL and LR showed strong discrepancies
from the corresponding physical alignment: subjects indi-
cated almost vertically orientated lines as aligned. Speciﬁ-
cally, the perceived alignment of the line segments in
condition LL seemed to diﬀer from that of condition RL.
Similarly, alignment in condition RR diﬀered from that
in condition LR. On the other hand, the results do not indi-
cate diﬀerences between the group of subjects performing
only the Vernier task (single task) and the group that
reported simultaneously the orientation and alignment of
the two-line segments (double task). This pattern of results
was statistically conﬁrmed with a repeated measurement
ANOVA using the between subject factor task condition
(single vs. double task) and the within subject factor Ver-
nier-mask conﬁguration (four conditions: LL, RL, LR,
RR; see Fig. 3a). No signiﬁcant main eﬀect for task condi-
tion was reported (F(1,12) = 0.07; p > .05), but a signiﬁ-
cant main eﬀect of Vernier-mask conﬁguration
(F(3,36) = 62.1; p < .0001). Post hoc Tukey HSD-tests
showed signiﬁcant diﬀerences between all four Vernier-
mask conﬁgurations (p < .01). The interaction of both fac-
tors was not signiﬁcant (F(3,36) = 1.2; p > .05).
Discrimination thresholds for the alignment task
revealed no eye-catching diﬀerences (Fig. 3e), which was
conﬁrmed with a 2 · 4 repeated measurement ANOVA
with the between subject factor task condition (single vs.
double task) and the within subject factor Vernier-mask
conﬁguration (LL, RL, LR, RR). It revealed no signiﬁcant
main eﬀects and no signiﬁcant interaction between both
factors (task condition: F(1,12) = 0.15, p > .05; Vernier-
mask conﬁguration: F(3,36) = 0.97, p > .05; interaction
between both factors: F(3,36) = 1.08, p > .05).
3.2.2. Perceived orientation of masked Vernier stimuli
Fig. 3d shows the results for measurements of perceived
orientation of the Vernier lines in the four experimental
conditions. The graphic presents the physical orientation
of the two line segments that was needed to perceive them
as vertical. In the LL and RL conditions, nearly identical
physical orientations of the line segments were reported
perceived as vertical. Given that the only diﬀerence
between both conditions was the orientation of the mask,
the induced orientation misperceptions correspond to
opposite orientation-induced phenomena, i.e. repulsion in
LL and attraction in RL. In the remaining two conditions,
nearly identical physical orientations of the Vernier lines
were indicated as perceived vertical. These results did not
diﬀer in single and double tasks, showing that the observed
eﬀects cannot be attributed to attentional or cognitive
demands on the task. Indeed, a 2 · 4 repeated measure-
ment ANOVA using the between subject factor task condi-
tion (single vs. double task) and the within subject factor
Vernier-mask conﬁguration (LL, RL, LR, RR) revealed
no signiﬁcant main eﬀect for task condition
(F(1,12) = 0.08; p > .05), and a signiﬁcant main eﬀect for
Vernier-mask conﬁguration (F(3,36) = 12.7; p < .0001).The interaction between both factors proved to be not sig-
niﬁcant (F(3,36) = 0.38; p > .05). Post hoc Tukey HSD-
tests revealed no signiﬁcant diﬀerences between conditions
LL and LR (p > .05), and between conditions RL and RR
(p > .05). The LL and LR conditions were both signiﬁ-
cantly diﬀerent from conditions RR and LR (p < .01).
The discrimination thresholds (Fig. 3f) showed slightly
lower values in the LL condition compared to the remain-
ing conditions, but no diﬀerences between the perfor-
mances in the single or double task. This result was
conﬁrmed with a 2 · 4 repeated measurement ANOVA
using the between subject factor task condition (single vs.
double task) and the within subject factor Vernier-mask
conﬁguration (LL, RL, LR, RR). The analysis revealed
no signiﬁcant main eﬀect for task condition
(F(1,12) = 0.24; p > .05), no signiﬁcant interaction between
the factors (F(3,36) = 0.71; p > .05), and a signiﬁcant main
eﬀect of Vernier-mask conﬁguration (F(3,36) = 4.79;
p < .05). Post hoc Tukey HSD-tests conﬁrmed signiﬁcant
diﬀerences only between the LL and LR conditions
(p < .01), and between the LL and RL conditions (p < .05).3.2.3. Discussion
The data of Experiment 2 conﬁrmed and extended our
ﬁndings of misperceptions in the orientation and spatial
domain. They showed an attraction eﬀect for the misper-
ception of orientation of two abutting line segments that
was induced by an appropriately oriented mask. However,
only the two stimulus-mask conﬁgurations RL and LR
were shown to produce this attraction eﬀect, and these
two Vernier-mask conﬁgurations were expected to inﬂu-
ence the perception of the individual line segments. On
the other hand, in conditions LL and RR a repulsion eﬀect
was observed for the global layout of the two-line stimuli.
Under these conditions, the results indicate that the whole
Vernier stimulus was perceptually rotated around its cen-
ter: to perceive the lines aligned subjects need the physical
orientation giving real alignment. Our control of task-
dependent eﬀects conﬁrmed that the observed pattern of
orientation and alignment (mis)perceptions could not be
modiﬁed on the basis of attentional or cognitive demands
of the task.4. General discussion
This study demonstrates a co-variation of discrimina-
tion thresholds and perceived orientation and/or alignment
induced by orientation masking. We think that our results
provide the ﬁrst evidence that, depending on the spatio-ori-
entation conﬁguration of mask grating and Vernier stimu-
lus, either orientation repulsive or attractive eﬀects can be
observed. Until now, orientation repulsion and attraction
eﬀects have never been investigated for abutting line seg-
ments comprising a Vernier stimulus, despite reports of ori-
entation attraction and repulsion illusions in other types of
stimulus conﬁgurations (Fraser, 1908; Popple & Sagi, 2000;
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Day, 1988, 1991).
Therefore, the aim of Experiment 1 was to clarify if the
standard tilt illusion also inﬂuences the perceived align-
ment of a Vernier stimulus and induces variations of the
corresponding discrimination thresholds. The results
revealed that oriented mask gratings inﬂuence the per-
ceived orientation of a single line, as well as the perceived
alignment of a Vernier stimulus. For orientation discrimi-
nation of a single line from the vertical reference, a repul-
sion eﬀect was found peaking at mask orientations of
21.8 ± 3.2 from vertical. This range of misperceptions cor-
responds to the results of previous studies on the tilt illu-
sion, which attributed repulsion to inhibitory interactions
between orientation-tuned neurons in V1 (Blakemore
et al., 1970; Georgeson, 1973; Mitchell & Muir, 1976;
O’Toole & Wenderoth, 1977; Wenderoth & Johnstone,
1987, 1988). In addition, we demonstrated that increases
of discrimination thresholds (as was already shown by
Westheimer et al., 1976) co-vary with the perceived orien-
tation of a single line. This co-variation might involve a sin-
gle underlying mechanism of ‘‘desensitization-through-
inhibition’’, a process that involves inhibitory interactions
between orientation-tuned neurons showing diﬀerent pre-
ferred orientations. Several studies successfully modelled
repulsive eﬀects on perceived orientation or increased dis-
crimination thresholds on the basis of orientation interac-
tions between neuronal populations in V1 (Bednar &
Miikkulainen, 2000; Jin et al., 2005; Paradiso, 1988).
Beside conﬁrming existing results on single line targets,
our experiment challenges the assumption of orientation
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Fig. 4. Illustration of the main perceptual results in orientation masking o
conﬁguration of abutting Vernier lines with vertical orientation (thick black line
orientation of the mask grating presented in (a). At the bottom of each of the fo
(attraction or repulsion) as well as the misperceptions in the alignment domaisegments of a Vernier stimulus as too simple. We obtain
a clear eﬀect of obliquely oriented mask gratings on the
perception of alignment of two abutting line segments that
cannot be explained via repulsion. Therefore, our second
experiment investigated if and how a tilted mask grating
inﬂuences the perceived orientation and alignment of a
superimposed Vernier stimulus. The main results are illus-
trated in Fig. 4 that shows how Vernier-mask conﬁgura-
tions produce eﬀects of orientation repulsion without
lines’ oﬀset changes and orientation attraction with lines’
oﬀset changes. The observed attraction eﬀects were shown
to inﬂuence the perceived alignment of the line segments.
The angular diﬀerence between the inducing mask grating
and the Vernier lines producing the strongest alignment
misperception eﬀect was found to peak at 9.8 ± 2.7. This
corresponds roughly to the range of mask orientations pro-
ducing the strongest threshold elevations found in previous
studies of Vernier acuity (Folta, 2003; Saarinen & Levi,
1995; Waugh et al., 1993). Our results also demonstrated
the co-variation of alignment discrimination thresholds
with misperception of alignment.
We were not able to observe an eﬀect of task assign-
ment. Therefore, alternative interpretations related to cog-
nitive or attentional demands can be excluded. This fact
points to an intrication of orientation and spatial position
domains in the case of Vernier stimulus presentations that
cannot be considered separately. As such, the complex pat-
tern of results for the diﬀerent conﬁgurations between
mask grating and Vernier stimulus (Fig. 4), taken together
with the undissociability of orientation and spatial posi-
tion, leads to the idea that both domains might become
inﬂuenced at a common level of information processing.ATTRACTIONREPULSION
YESNO
f a Vernier stimulus. (a) Orientation of the mask grating. (b) Physical
s) together with the corresponding misperception (dashed lines) due to the
ur conﬁgurations, the observed eﬀects in the orientation domain are listed
n.
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jects’ alignment discrimination ability as a function of the
orientation of a mask stimulus. He assumed that presenta-
tion of an appropriately oriented mask stimulus should
‘‘desensitize’’ oﬀset analyzing mechanisms, if the perceptual
ability of spatial discrimination depends on orientation
sensitive neurons. This hypothesis was conﬁrmed by show-
ing a decreased oﬀset discrimination ability for angular dif-
ferences of about 20 between Vernier lines and the
inducing mask stimulus. Subsequent studies conﬁrmed this
result and provided supplementary information on discrim-
ination thresholds being inﬂuenced by temporal asyn-
chrony, contrast, polarity diﬀerences, spatial interference,
and spatial frequency selectivity of the stimuli (for citing
a fraction of the studies: Badcock & Westheimer, 1985;
Levi, Klein, & Aitsebaomo, 1985; Levi & Waugh, 1996;
Mussap & Levi, 1996, 1997; Waugh et al., 1993; Wehrhahn
& Westheimer, 1990; Westheimer & Hauske, 1975; West-
heimer, 1981). An intriguing result was reported by Waugh
et al. (1993). When subjects were instructed to detect an
uniquely presented unidirectional Vernier oﬀset, discrimi-
nation thresholds were reported to become elevated for
mask orientations at about 20 and +20 away from
the orientation of the Vernier lines. This ﬁnding indicates
that, irrespectively of the real oﬀset of the lines, the align-
ment discrimination performance becomes aﬀected by dif-
ferent populations of neurons with orientation
preferences clockwise and counter-clockwise from the ref-
erence orientation of the Vernier stimulus. In our study,
we also found increased discrimination thresholds for the
Vernier task with peaks between 30 and +30 of mask
orientation. However, this increase was accompanied with
an orientation-attractive eﬀect, resulting in alignment per-
ception of physically non-aligned line segments. When
the Vernier-mask conﬁguration was not in the appropriate
layout for obtaining attractive eﬀects, a repulsion eﬀect
occurred. This repulsion eﬀect inﬂuenced the global Ver-
nier stimulus layout instead of individual line segments,
and the alignment of both line segments was not changed
from the physical alignment point. Importantly, the dis-
crimination thresholds inﬂuenced by attractive and repul-
sive eﬀects of the mask grating did not diﬀer from each
other.
The observed diﬀerential eﬀects in our data indicate an
important interaction of target stimuli and inducing mask
grating, shedding new light on the interpretation of Waugh
et al. (1993) eﬀects of masking on Vernier acuity thresh-
olds. Their observed increase in discrimination thresholds
due to masks oriented clockwise and counter-clockwise
from the Vernier stimulus does not involve the same per-
ceptual interaction pattern between both superimposed
stimuli. In the ﬁrst case this interaction leads to orienta-
tion-attractive eﬀects, in the second case to a global repul-
sion of the whole Vernier stimulus (see Fig. 4). Since for a
single line orientation repulsion is accompanied with an
increase of orientation discrimination thresholds, when
repulsion is observed to inﬂuence the perception of the Ver-nier stimulus, it should be expected that the spatial locali-
zation of the two lines also becomes worse (indicated by
increased alignment discrimination thresholds). The inter-
esting result is that increased discrimination thresholds also
accompanied orientation attraction. Following the idea of
a ‘‘desensitization-through-inhibition’’ process, we interpret
orientation-attractive interactions and corresponding
threshold elevations as an indication of a ‘‘desensitization-
through-excitation’’ mechanism. Therefore, an increase in
discrimination thresholds cannot be taken as a suﬃcient
indicator of the exact nature of the underlying computa-
tional process.
It is of interest to consider the functional implications
of the attractive interactions reported in our study. Con-
textual interactions in the primary visual cortex are con-
sidered to play a major role for surface segmentation and
contour integration (Gilbert, Ito, Kapadia, & Westhei-
mer, 2000). For the perception of a disrupted contour,
subsequently oriented elements must be associated to a
global common contour, which requires spatio-orienta-
tion interactions (Field, Hayes, & Hess, 1993). The sur-
round modulations in V1 are widely believed to be the
initial stage of these integrative processes (Chavane
et al., 2000; Gilbert, 1992; Gilbert et al., 2000), which
can be measured by a lateral spatial facilitation of con-
trast detection (Dresp, 1993; Dresp, 1999; Dresp & Bon-
net, 1991; Polat, 1999; Polat & Sagi, 1993; Tzvetanov &
Dresp, 2002; Tzvetanov & Simon, 2006) or orientation
interactions (Brincat & Westheimer, 2000; Kapadia,
Westheimer, & Gilbert, 2000). Their neurophysiological
substrates were assumed in excitatory interactions
between neurons in V1, which are specialized for collin-
early oriented stimuli (Kapadia et al., 2000; Polat, Miz-
obe, Pettet, Kasamatsu, & Norcia, 1998). Since
orientation-attractive interactions were associated to
excitatory eﬀects on neuronal ﬁring rates in V1 of the
monkey (Kapadia et al., 2000), we suppose that the ori-
entation-attractive interactions obtained in our study
might also reveal these integrative processes at early lev-
els of visual information processing. While we can only
speculate about the neurophysiological substrates and
functional interpretation of our results, we propose that:
(1) given the known excitatory nature of horizontal long-
range connections in V1 (Chavane et al., 2000; Bosking,
Zhang, Schoﬁeld, & Fitzpatrick, 1997), it might be pos-
sible that an excitation of these horizontal connections
triggers the orientation attraction of appropriately posi-
tioned individual line segments, such that they belong
to a common global contour nearest to the excited obli-
que long-range connectivities; (2) the orientation tuning
characteristics of the attractive eﬀects were proven to
be about two times smaller than those of the orienta-
tion-repulsive interactions. As a consequence, a mask
grating might induce an excitation of feed-forward con-
nections (as for example between LGN and V1), which
then attracts the line segments in order to obtain a good
continuation at the abutting line endpoints.
T. Tzvetanov et al. / Vision Research 47 (2007) 1693–1704 17035. Conclusion
In summary, we provided strong experimental evidence
that masking of Vernier stimuli not only increases subjects’
discrimination thresholds, but also creates orientation
attractive or repulsive eﬀects inﬂuencing the perception of
the Vernier line segments. The ﬁnal nature of attraction
or repulsion depends on the exact spatio-orientation con-
ﬁguration between the Vernier line segments and the induc-
ing mask grating. These results indicate that mask induced
elevated thresholds cannot be correctly identiﬁed as a
desensitization process through inhibitory neuronal inter-
actions. By properly considering both orientation and
alignment dimensions in the Vernier stimulus, we showed
that our results are explainable with orientation-attractive
interactions, originating at a single level, probably already
in the primary visual cortex. Consequently, orientation
masking of Vernier line segments might be considered as
a new way to measure excitatory interactions contributing
to contour grouping.
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